Molecular Cloning, Genomic Structure, and Expression Analysis of MUC20, a Novel Mucin Protein, Up-regulated in Injured Kidney by Higuchi, Toshio et al.
Molecular Cloning, Genomic Structure, and Expression Analysis of
MUC20, a Novel Mucin Protein, Up-regulated in Injured Kidney*□S
Received for publication, May 1, 2003, and in revised form, October 17, 2003
Published, JBC Papers in Press, November 5, 2003, DOI 10.1074/jbc.M304558200
Toshio Higuchi‡§, Takuya Orita‡§, Setsuko Nakanishi‡, Ken Katsuya‡, Hirotaka Watanabe‡,
Yoshiki Yamasaki‡, Iwao Waga‡, Toyomichi Nanayama¶, Yoshihisa Yamamoto¶, William Munger,
Hong-Wei Sun, Ronald J. Falk**, J. Charles Jennette**, David A. Alcorta**, Huiping Li‡‡,
Tadashi Yamamoto‡‡, Yutaka Saito‡, and Motonao Nakamura‡§§
From the ‡Central Pharmaceutical Research Institute, Pharmaceutical Frontier Research Laboratories, Japan Tobacco
Inc., Yokohama, Kanagawa, 236-0004, Japan, ¶Central Pharmaceutical Research Institute, Japan Tobacco Inc.,
Takatsuki, Oosaka, 569-1125, Japan, Gene Logic Inc., Gaithersburg, Maryland 20878, **Division of Nephrology and
Hypertension, Department of Medicine, University of North Carolina, Chapel Hill, NC 27599-7155, and
the ‡‡Institute of Nephrology, Faculty of Medicine Niigata University, Niigata, 951-8510, Japan
Immunoglobulin A nephropathy (IgAN) is the most
common primary glomerulonephritis in the world. Here,
we identify a cDNA encoding a novel mucin protein,
shown previously to be up-regulated in IgAN patients,
from a human kidney cDNA library. This protein con-
tains a mucin tandem repeat of 19 amino acids consist-
ing of many threonine, serine, and proline residues and
likely to be extensively O-glycosylated; thus, this gene
was classified in the mucin family and named MUC20.
The human MUC20 gene contains at least four exons and
is localized close to MUC4 on chromosome 3q29. We
found variations in repeat numbers in the mucin tan-
dem domain, suggesting polymorphism of this region.
Northern blot and reverse transcription-PCR analyses
revealed that human MUC20 mRNA was expressed most
highly in kidney and moderately in placenta, colon,
lung, prostate, and liver. Immunohistochemical analysis
of human kidney revealed that MUC20 protein was lo-
calized in the proximal tubules. Immunoblotting analy-
sis of MUC20 proteins produced in Madin-Darby canine
kidney and HEK293 cells indicated the localization of
MUC20 protein in a membrane fraction and extensive
posttranslational modification. Immunoelectron mi-
croscopy of MUC20-producing Madin-Darby canine kid-
ney cells demonstrated that MUC20 protein was local-
ized on the plasma membrane. Expression of MUC20
mRNA in a human kidney cell line was up-regulated by
tumor necrosis factor-, phorbol 12-myristate 13-ace-
tate, or lipopolysaccharide. Two species of MUC20
mRNA (hMUC20-L and hMUC20-S), resulting from al-
ternative transcription, were identified in human tis-
sue, whereas only one variant was observed in mouse
tissues. Mouse MUC20 mRNA was expressed in the ep-
ithelial cells of proximal tubules, and the expression
increased dramatically with the progression of lupus
nephritis in the kidney of MRL/MpJ-lpr/lpr mice.
Moreover, the expression of mouse MUC20 was aug-
mented in renal tissues acutely injured by cisplatin or
unilateral ureteral obstruction. These characteristics
suggest that the production of MUC20 is correlated
with development and progression of IgAN and other
renal injuries.
Epithelial cell injury in renal tissue is a feature of many
acute and chronic kidney diseases. Among the morphological
changes observed are loss of the proximal tubular brush border,
loss of cellular polarity, and dedifferentiation and apoptosis of
the proximal tubule epithelial cells. During progression of re-
nal injury, necrotic tubular epithelial cells detach from the
basement membrane and cause intraluminal obstruction. After
surviving dedifferentiated cells spread over the denuded base-
ment membrane, functional epithelia are reformed by the de-
differentiated cells undergoing mitogenesis, redifferentiation,
and re-establishment of normal epithelial polarity (1, 2). Al-
though these processes are well described at the histological
level, very little is known about the molecular levels involved.
To date, some mucin proteins, such as MUC1, MUC3, and
kidney injury molecule-1 (KIM-1), have been identified as pro-
teins likely to regulate these renal events. MUC1 mRNA is
expressed in the distal convoluted tubules and collecting ducts;
MUC3 mRNA is in the proximal tubules and is overexpressed
in renal cell carcinoma patients (3). KIM-1 mRNA is drastically
up-regulated in the epithelial cells of the regenerating proxi-
mal tubules following ischemia (4).
In general, mucins are divided into two structurally and
functionally distinct classes, the secreted and the transmem-
brane types. Human MUC2, MUC5A, MUC5B, MUC6, MUC7,
MUC8, and MUC9 are classified as secreted types (5–11),
whereas MUC1, MUC3, MUC4, MUC12, MUC13, MUC15,
MUC16, MUC17, MUC18, and KIM-1 are transmembrane
types (4, 12–21). Some of the mucin genes are clustered in the
human genome, e.g. MUC2, MUC5A, MUC5B, and MUC6
genes are located on chromosome 11p15.5 (22), and MUC3A,
MUC3B, MUC11, MUC12, and MUC17 genes are on chromo-
some 7q22 (14, 16, 20).
Recently, we have identified several cDNA fragments with
altered expression in renal tissues of patients with immuno-
globulin A nephropathy (IgAN),1 using the Gene Logic propri-
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etary READS® mRNA differential display technology (23, 24).
Probing a human kidney cDNA library with one of these frag-
ments, EST22972 (24), we obtained a human cDNA encoding a
novel mucin membrane protein, MUC20. Here we describe the
molecular cloning, genomic structure, and expression analysis
of MUC20 in human normal tissues as well as in animal models
of renal injury.
MATERIALS AND METHODS
Cloning of the Human MUC20 cDNA and Its Genomic DNAs—A
full-length cDNA encoding human MUC20 was obtained by an oligonu-
cleotide-pulling method. Briefly, a gene-specific oligonucleotide was
designed based on the sequence of the EST22972 fragment identified as
described previously (24) and labeled with biotin. The biotin-labeled
oligonucleotide was used for hybridization with single-stranded plas-
mid DNAs derived from a human kidney cDNA library (Origene) fol-
lowing the procedures of Sambrook et al. (25). The hybridized cDNAs
were separated by streptavidin-conjugated beads and then eluted by
heating. After the eluted cDNAs were converted to double-stranded
plasmid DNAs, the longest cDNA was sequenced. A human genomic
DNA library (FIX II) was purchased from Stratagene and screened
(1.0  106 plaques) with the human MUC20 cDNA labeled with
[-32P]dCTP (Amersham Biosciences) by random priming. Hybridiza-
tion was performed as described previously (26). The human MUC20
gene-bearing plasmids were converted from the isolated phage DNAs
purified from positive plaques and subjected to restriction mapping and
DNA sequencing.
Cloning of the Mouse MUC20 cDNA—Searching the mouse EST data
base yielded two EST fragments, BF119189 and BE689844, with high
identities to human MUC20. We then isolated and sequenced the mouse
cognate from a mouse kidney cDNA library (Takara) by PCR screening
based on the sequences of these ESTs.
RACE PCR—RACE PCR of the 5-terminus of MUC20 mRNA was
carried out using a SMARTTM RACE cDNA amplification kit (Clontech)
following the manufacturer’s protocol. For analysis of human MUC20
mRNA, the primary PCR amplification was performed using the oligo-
nucleotide 5-CTTCTGTGGAGGTGTGAGCCAATGT-3 as a gene-spe-
cific primer and total RNA from the human kidney (Clontech) as a
template. Secondary PCR amplifications were conducted using oligonu-
cleotides 5-CCTGTGATGGTCTGAACTGTGGTCA-3, 5-CTCCCCTG-
GTCTCTGCTTCTGGAAT-3, and 5-CACTTCTGTGTCGTCCGTTGT-
CATC-3 as gene-specific primers A–C, respectively. For the analysis of
the mouse MUC20 mRNA, the primary PCR amplification was carried
out using the oligonucleotide 5-CAGTTCTGGGGCTGTTGCTTGGT-
GTCA-3 as a gene-specific primer and total RNA prepared from kidney
as a template. The secondary PCR amplifications were conducted by
using oligonucleotides 5-AGGGTCAATTCAATAGGCGAGATGGTC-
3, 5-GGGTATCCAGGAATGACGGTGCAGGGG-3, and 5-ATGGT-
expressed sequence tag; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; IL, interleukin; MDCK, Madin-Darby canine kidney; RACE,
rapid amplification of cDNA ends; RT, reverse transcription; UUO,
unilateral ureteral obstruction; PBS, phosphate-buffered saline; ERK,
extracellular signal-regulated kinase; NCBI, National Center for Bio-
technology Information; h, human; m, mouse.
FIG. 1. Comparison of the deduced amino acid sequences of human and mouse MUC20. In A, identical amino acids of mouse MUC20
and human MUC20 are shown by dashes. Periods represent spaces added for proper alignment. The mucin repeat regions of human and mouse
MUC20 are underlined. B, hydropathy profile of human MUC20, calculated according to the Kyte-Doolittle algorithm. The mucin repeat region is
indicated by a gray bar, and the hydrophobic domains are indicated by red bars.
Novel Mucin Protein Is Up-regulated in Injured Kidney 1969
FIG. 2. Genomic structure of the human MUC20 gene. A, the nucleotide and amino acid sequences of the N terminus of the AK027314 clone,
including the exon/intron boundary sequence. The deduced amino acid sequences of the isolated human MUC20 (hMUC20) and mouse MUC20
(mMUC20) are also shown. The nucleotide sequences of the exons and intron are represented as capital and lowercase letters, respectively. The
predicted splicing sites in the intron are underlined. Amino acids identical among the AK027314 clone, the isolated human, and the mouse MUC20
are shown in red. B, exon maps of the hMUC20-L and hMUC20-S mRNAs, as determined by sequencing of the genomic and cDNA clones. The exons
are indicated as open boxes, and the domains encoding the additional 35 amino acids found in hMUC20-L are indicated as dotted boxes. The reverse
PCR primers, primers A–C, used for the RACE analysis described in C are shown by blue arrows. Locations of the start codon in each mRNA are
indicated as ATG. The transcriptional start point of hMUC20-S determined by 5-RACE is indicated by a black arrow. C, RACE PCR analysis of
the 5-terminus of MUC20 mRNA expressed in human kidney. These experiments used primers A–C depicted in B and Universal Primer MixTM
(UPMTM) (Clontech) (UPM) primer. Primer sets used in each reaction are indicated above the lanes. Molecular sizes (kbp) are shown on the right.
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TCAGGGGAAGTGGTTTGGGTAT-3 as gene-specific primers A–C,
respectively.
Southern Blot Analysis of Genomic DNA—Human and mouse
genomic DNAs (Clontech) were digested with various restriction en-
zymes. The digested fragments were separated by electrophoresis on a
0.8% agarose gel, transferred onto a nylon membrane (Hybond-N,
Amersham Biosciences), and then hybridized at 65 °C with an [-32P]-
labeled probe described below. For the human blot hybridization, two
probe fragments, the exon-2 and the exon-4 segments, were prepared by
PCR using primer sets 5-TGAAGAGGCAAAGACACTCACAATG-3
and 5-CTGTTGGGGGCTTCATCGTGGTCTT-3 for the exon-2 probe
and 5-AACTCCACGCCCACGCGCCT-3 and 5-GGAAGCACACA-
GATGGGTGA-3 for the exon-4 probe, with the human MUC20 cDNA
as a template. For the mouse blotting analysis, the probe fragment
corresponding to the exon-2 segment was prepared by PCR using the
primer set, 5-ATGGAAGTGTCCACCTTCACTC-3, and 5-TGTGC-
CAGTTTGGACAGTGC-3, with the mouse MUC20 cDNA as a tem-
plate. PCR was carried out for 35 cycles of denaturation at 94 °C for 0.5
min, annealing at 55 °C for 0.5 min, and extension at 72 °C for 1 min
using a model 9600 thermal cycler (PerkinElmer Life Sciences).
Analysis of the Polymorphic Region of Human MUC20—Cell lines
used in these experiments were purchased from the following sources:
human neuroblastoma cell lines, NB69, CHP134, LA-N-1, NB9, NB16,
TNB-1, LA-N-5, LA-N-2, NB-I, and MC-NB-1 were purchased from
Riken Gene Bank, and human kidney cell lines, 769-P, and OS-RC-2
were purchased from the American Type Culture Collection (ATCC),
and cell lines were grown as recommended by the suppliers. Genomic
DNAs were prepared from these cell lines as described (27). To estimate
repeat numbers, the tandem domains in the human MUC20 gene de-
rived from these cell lines were amplified by PCR using the specific
primer set 5-CCCTTTGCACCGATGACAG-3 and 5-TTCCAGGG-
GATTCCTGCT-3 under the thermal cycling conditions described
above. The PCR-amplified fragments were separated by electrophoresis
on a 1.5% agarose gel, transferred onto a nylon membrane (Hybond-N,
Amersham Biosciences), and then detected by Southern blot analysis
using a fluorescein-labeled oligonucleotide (5-CACACCTCCACA-
GAAGCTAAG-3), complementary to the repeat region of MUC20, as
a probe.
Northern Blot Analysis—Multiple tissue Northern blots of human
and mouse tissues were purchased from Clontech and hybridized with
the [-32P]-labeled human exon-2, human exon-4, or mouse exon-2
DNAs prepared as described above. Hybridization was performed as
described previously (26). The resulting filters were autoradiographed
with a BAS2000 system (Fuji Film).
RT-PCR—Poly(A) RNAs from human brain, heart, kidney, liver,
lung, pancreas, placenta, and skeletal muscle were purchased from
Clontech. Human kidney cell lines ACHN, OS-RC-2, 769-P, TUHR-4-
TKB, and A704 were purchased from ATCC and grown as recom-
mended for each cell line. ACHN cells were stimulated with transform-
ing growth factor- (2 ng/ml; Peprotech), phorbol 12-myristate 13-
acetate (100 M; Sigma), lipopolysaccharide (10 g/ml; Sigma), IL-1
(0.4 ng/ml; Peprotech), IL-6 (100 ng/ml; Peprotech), IL-8 (250 ng/ml;
Peprotech), or tumor necrosis factor- (100 ng/ml; Peprotech) for 14 h.
Total RNA was isolated with TRIzol reagent (Invitrogen). Reverse tran-
scription was carried out using an AdvantageTM RT-for-PCR kit (Clon-
tech) following the manufacturer’s protocol. PCR was performed under
the thermal cycling conditions described above. The primer sets were as
follows: for human MUC20 mRNA, 5-AACTCCACGCCCACG-
CGCCT-3 and 5-GGAAGCACACAGATGGGTGA-3, and for mouse
MUC20 mRNA, 5-ACCCTTTGTACCGATGACAGCTCTGAAGAG-3
and 5-CAAGCAGTGGATGCAGATGTTGTAGGATG-3. The primers
used for GAPDH mRNA detection were purchased from Clontech.
Quantitative RT-PCR—Total RNA was reverse-transcribed using
TaqMan reverse transcription reagents (Applied Biosystems). PCR was
performed using probes with SYBER Green (Molecular Probes) on an
ABI PRISM 7000 sequence detection system (Applied Biosystems). The
primer pairs used for the PCR amplification were as follows: for mouse
MUC20 mRNA, 5-CGTGGCCTCCCCTAAGGA-3 and 5-ATGCGG-
GCGTGCAGTT-3, and for mouse collagen type I mRNA, 5-AGAGCAT-
GACCGATGGATTCC-3 and 5-TTGCCAGTCTGCTGGTCCATG-3.
The primers used for GAPDH mRNA were purchased from Clontech.
Cells and Transfections—The pBI-MUC20 plasmid was constructed
FIG. 3. Polymorphism of the human MUC20 tandem domain. A, amino acid sequence alignment of the tandem domains (2-, 3-, 4-, 5-, and
6-repeat (rep.) forms) in cloned human MUC20. Repeat numbers of the longest form are represented as I–VI, and other types are aligned to this
form. All threonine and serine residues in the domains are indicated by reversed type, and proline residues are indicated by gray shading. Dashes
represent spaces added for proper alignment. B, the repeat numbers of the tandem domain in the human MUC20 gene from several human cell
lines. Determination of the tandem domain size was performed by PCR amplification of these domains followed by Southern blot analysis. The
standard sizes of 2–6 repeats of the tandem domain are shown as markers. Since the primers were able to amplify the tandem domain in the
MUC20-like segment as well as that in the MUC20 gene, 1–4 species were generated in each cell line.
M, molecular size maker. D, chromosomal localization and exon mapping of the human MUC20 gene, as determined by sequencing of the genomic
DNAs and cDNA clones, are shown. Human chromosome 3 is shown schematically. Exons on the human MUC20 gene locus are indicated as closed
boxes. The MUC20-like segment (open boxes) and the MUC4 gene (striped box) are also indicated. E and F, Southern blot analyses of human (E)
and mouse (F) MUC20 genes. Genomic DNAs were digested with the indicated restriction enzymes. Probes corresponded to a part of the exon-2
(E, left panel) or exon-4 (E, right panel) in the human gene or the exon-2 fragment in the mouse gene (F).
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by cloning of a C-terminally FLAG-tagged human MUC20 cDNA pre-
pared by PCR into the pBI-L vector (Clontech). All materials for a
Tet-Off system, including human embryonic kidney 293 (HEK293) and
Madin-Darby canine kidney (MDCK) Tet-Off cells, were purchased
from Clontech. The cells were grown in the presence of 2 g/ml doxy-
cycline (Dox) as recommended. For generation of the cell lines stably
expressing the FLAG-tagged human MUC20, both pBI-MUC20 and
pTK-Hyg plasmids (ratio 10:1) were co-transfected into Tet-Off MDCK
or Tet-Off HEK293 cells using GeneJammer reagent (Stratagene) as
described in the manufacturer’s procedure, and then hygromycin-resist-
ant clones were selected. Hygromycin-resistant clonal lines were estab-
lished by limiting dilution, and the production of MUC20 protein in
each line was confirmed by immunoblotting analysis with an anti-
FLAG (M2) antibody (Sigma).
Immunoblotting—A rabbit polyclonal antibody, anti-MUC20, was
raised against the N-terminal domain of human MUC20 using a syn-
thetic peptide, RGAKRISPARETRSFTK (residues 46–62), coupled to
keyhole limpet hemocyanin. For immunoblotting, cells were suspended
in lysis buffer (1% Nonidet P-40, 137 mM NaCl, 10% glycerol, 1 mM
Na3VO4, and 20 mM Tris-HCl, pH 8.0) containing protease inhibitors (1
mM phenylmethylsulfonyl fluoride, 0.2 trypsin inhibitory units/ml apro-
tinin, and 20 g/ml leupeptin). The resulting lysates were centrifuged
to remove cellular debris, and then the postnuclear supernatants were
centrifuged at 100,000  g to separate the membrane pellet fractions
and the cytosolic supernatants. Protein concentrations were deter-
mined using Bio-Rad protein assay reagent. Proteins (5 g) were ana-
lyzed by immunoblotting with primary antibodies and horseradish per-
oxidase-conjugated secondary antibodies, and specific bands were
detected with the ECL system (Amersham Biosciences).
Immunocytochemistry—MDCK/tet-MUC20 cells were washed in
phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde
with 0.1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, for 30 min.
After blocking with Tris-glycine and an endogenous biotin blocking kit
(DAKO), the cells were further blocked with antibody diluent contain-
ing 2% goat normal serum and 0.1 mg/ml bovine serum albumin. The
cells were incubated with polyclonal antibody against human MUC20
or rabbit IgG at 1 g/ml. The cells were washed and incubated with
biotinylated F(ab)2 fragments of anti-rabbit IgG (Cappel) at 5 g/ml.
Visualization was done with labeled streptavidin-boitin system (labeled
streptavidin biotin kit, DAKO). The cells were postfixed with 1% os-
mium tetroxide in 0.1 M cacodylate buffer, pH 7.4, and embedded in
Epon. Ultrathin sections were examined with a Hitachi H-7100 electron
microscope at 75 kV without counterstaining.
Animals—Female MRL/MpJ-lpr/lpr mice (SLC Japan) were sacri-
ficed under anesthesia at different ages (1–9 months), and blood urea
nitrogen (BUN) was measured using an autoanalyzer (COBAS FARA;
Roche Applied Science). Acute renal injury was induced in Charles
River CD-1 mice (male, 6 weeks old, Charles River, Japan) by subcu-
taneous administration of cisplatin (18 mg/kg; Nippon Kayaku), and
both serum creatinine and BUN were measured to evaluate renal
damage using the autoanalyzer. Unilateral ureteral obstruction (UUO)
was induced in C57Bl(B6) mice (male, 8 weeks old, Charles River,
Japan) as described (28). Collagen type I mRNA in the kidney was
measured by quantitative RT-PCR, and the content of hydroxyproline
was quantified as described (29).
In Situ Hybridization—Two fragments (fragment 5-1, 747 bp, and
fragment 7-11, 892 bp) were prepared from mouse MUC20 cDNA by
PCR, using the following primer sets: 5-ATGGAAGTGTCCACCT-
TCACTC-3 and 5-TGTGCCAGTTTGGACAGTGC-3 for fragment 5-1,
and 5-AGCACCTGTCTTCAGAGAGC-3 and 5-TGCTCAGTGAGGTC-
CTTAGG-3 for fragment 7-11, with the mouse MUC20 cDNA as a
template. As a positive control, a fragment of mouse TSC-22 was also
synthesized by PCR using specific primers 5-AAGTGGAAGTTCT-
GAAGGAGC-3 and 5-TAAGATAGCCTAGGTCCCAGC-3, with the
mouse TSC-22 cDNA as a template. After subcloning the PCR products
into the pGEN-T vector (Promega) followed by linearization of each
plasmid with appropriate restriction enzymes, digoxigenin (DIG)-la-
beled single-stranded antisense and sense probes were generated using
T7 and Sp6 RNA polymerases (Roche Applied Science), respectively,
using a DIG RNA labeling kit (Roche Applied Science).
Five-, 9-, 23-, and 60-week-old MRL/MpJ-lpr/lpr mice and 23-week-
old C57Bl(B6) mice were anesthetized with ethyl ether and fixed by
cardiac perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. Dissected kidneys were further fixed in the same fixative
overnight at 4 °C. Cryosections of 10 m were dried at 45 °C for 2 h and
rinsed three times with PBS for 5 min each followed by one rinse with
distilled water for 5 min. After incubation in 0.2 N HCl for 20 min and
then in a 10 g/ml proteinase K solution for 20 min, the sections were
rinsed with PBS and fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4, for 5 min. After equilibration with glycine in PBS twice
for 15 min each, the sections were dehydrated with graded alcohol and
air-dried for 10 min. DIG-labeled cRNA probes were denatured at 85 °C
for 5 min. The resulting sections were incubated with probe at 50 °C
overnight, washed with 2 SSC at 50 °C twice for 15 min each and at
55 °C for 1 h, followed by a 1-h wash with 0.2 SSC at 55 °C. Immu-
nohistochemical detection of DIG using an alkaline phosphatase-la-
beled antibody was performed as recommended by Roche Applied Sci-
ence (30). After stopping the reaction, sections were fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 1 h and coun-
terstained with methyl green.
RESULTS
Cloning of Human and Mouse MUC20 cDNAs—EST22972 is
a gene fragment whose expression was shown to be up-regu-
lated in renal tissues of IgAN patients (24). To isolate the
full-length cDNA corresponding to the EST22972 fragment, we
screened a human kidney cDNA library with an oligonucleotide
probe based on the sequence of EST22972. A clone was isolated,
and sequence analysis revealed an open reading frame encod-
ing 503 amino acids with several hydrophobic domains, sug-
gesting that this protein is a membrane protein (Fig. 1, A and
B). In addition, this protein has 3 tandem repeats of 19 amino
acids mainly consisting of threonine, serine, and proline resi-
dues likely to be extensively O-glycosylated (Fig. 1A). Because
of the similarity of this tandem domain to sequences conserved
among mucins, we named this clone MUC20.
A BLAST search (31) of the mouse data base at the National
Center for Biotechnology Information (NCBI) revealed that
mouse ESTs BF119189 and BE689844 had the highest homol-
ogy to the human MUC20 cDNA. By a PCR screen employing
the sequences of these ESTs, we isolated a mouse cognate from
a mouse kidney cDNA library. Fig. 1A shows the amino acid
sequence alignment of the proteins encoded by the human and
mouse clones. The predicted sequence of mouse MUC20, con-
sisting of 656 amino acids, shows similar characteristics to
human MUC20, such as bearing several hydrophobic domains
and three mucin repeats of 18 amino acids in its N-terminal
region. The sequences are most similar in the C-terminal do-
main (48% identity overall and 62% identity in the C-terminal
50 amino acids) but less similar in the N-terminal portions.
Interestingly, the position and sequence of the mucin tandem
domain of mouse MUC20 do not coincide with those of human
MUC20, although the predominance of threonines, serines, and
prolines in this domain is conserved.
Genomic Structure and Alternative Transcription of Human
MUC20—Next, we characterized the genomic structure of hu-
man MUC20. By screening 1.0  106 plaques of a human
genomic library with the human MUC20 coding region, we
obtained 24 positive clones. Analysis of the genomic fragments
revealed that the isolated human MUC20 cDNA was derived
from three exons. Significantly, the genomic DNA clone en-
coded 6 repeats of the tandem sequence in the mucin domain
(data not shown), whereas the cDNA clone encoded only three.
An EST clone (GenBankTM/EBI Data Bank accession num-
ber AK027314), which was isolated from a human 10-week
whole embryo cDNA library, showed significant identity with
the human MUC20 cDNA. Comparison of the AK027314 pro-
tein with human MUC20 revealed an additional hydrophobic
peptide of 35 amino acids at the N terminus of AK027314 (Fig.
2A). Therefore, we termed the AK027314 type of human
MUC20 as hMUC20-L and the shorter one encoded by our
cDNA clone as hMUC20-S. We searched the NCBI data base
for the exon encoding the additional N-terminal peptide of
hMUC20-L. The exon was found 3.6 kbp upstream from the
exon-2 of the MUC20 gene (Fig. 2, A and B). These results
raised the possibility of alternative promoters that gave rise to
the different forms of the human MUC20 mRNA. To rule out
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FIG. 4. Expression of MUC20 in various tissues and cell lines. A, Northern blot analysis of MUC20 mRNA in various human tissues. The
exon-4 segment of human MUC20 was used as a probe. The molecular sizes (in kb) are shown on the left. The arrow on the right indicates MUC20
mRNAs. Lane 1, brain; lane 2, heart; lane 3, muscle; lane 4, colon; lane 5, thymus; lane 6, spleen; lane 7, kidney; lane 8, liver; lane 9, small intestine;
lane 10, placenta; lane 11, lung; lane 12, peripheral blood leukocyte; lane 13, spleen; lane 14, thymus; lane 15, prostate; lane 16, testis; lane 17,
ovary; lane 18, small intestine; lane 19, colon; lane 20, peripheral blood leukocyte; lane 21, esophagus; lane 22, stomach; lane 23, duodenum; lane
24, ileocecum; lane 25, ileum; lane 26, jejunum; lane 27, ascending colon; lane 28, descending colon; lane 29, transverse colon; lane 30, cecum; lane
31, rectum; lane 32, liver. B, expression analysis of MUC20 mRNA in human tissues by RT-PCR of the exon-2 and exon-3 region. Lane 1, brain;
lane 2, heart; lane 3, kidney; lane 4, liver; lane 5, lung; lane 6, pancreas; lane 7, placenta; lane 8, skeletal muscle. The arrow on the right indicates
amplified DNAs representing the MUC20 mRNA. C, Northern blot analysis of MUC20 mRNA in mouse tissues. The exon-2 segment of mouse
MUC20 was used as a probe. Lane 1, heart; lane 2, brain; lane 3, spleen; lane 4, lung; lane 5, liver; lane 6, muscle; lane 7, kidney; lane 8, testis.
The arrow on the right indicates MUC20 mRNAs. D, RT-PCR analysis of MUC20 expression in several human kidney cell lines. Upper, in ACHN,
OS-RC-2, 769-P, TUHR-4-TKB, and A704 cells. Lower, in ACHN cells stimulated with transforming growth factor- (TGF, 2 ng/ml), phorbol
12-myristate 13-acetate (PMA, 100 M), lipopolysaccharide (LPS, 10 g/ml), IL-1 (0.4 ng/ml), IL-6 (100 ng/ml), IL-8 (250 ng/ml), or tumor necrosis
factor- (TNF, 100 ng/ml) for 14 h. The expression of GAPDH mRNA is shown as a control for each sample.
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the possibility that the hMUC20-S cDNA was produced from an
immature mRNA containing unspliced introns, we performed
5-rapid amplification of cDNA ends (5-RACE) on MUC20
mRNA from human kidney using three sets of primers. As
shown in Fig. 2C, each set of primers amplified a single species
of DNA, and sequence analysis revealed that each of these
DNAs had the same 5-end as the hMUC20-S cDNA. These
results indicate that at least two transcriptional start points
exist in the hMUC20 gene, encoding two isoforms of the
hMUC20 protein with different N-terminal sequences. These
results also suggest that hMUC20-S is expressed highly in
human kidney, whereas hMUC20-L was not detected in these
experimental conditions, although it was isolated from human
10-week-old whole embryo. Interestingly, the sequence of the
N-terminal peptide of hMUC20-L shows high identity to that of
mouse MUC20, indicating that the isolated mouse MUC20
could be the counterpart of the hMUC20-L form (Fig. 2A).
Comparison of our cloned human MUC20 gene fragments
with the working draft version of the human genome sequences
available from NCBI showed that they are included in frag-
ment AC025282, localized on chromosome 3q29. We also found
that the MUC4 gene is located very close to MUC20, supporting
the existence of a cluster domain of transmembrane mucin
genes at this locus. Surprisingly, sequencing and Southern blot
analyses of our cloned genomic fragments revealed that these
clones fell into two groups. One group of clones contained
sequences from exon-1 to exon-4 of the hMUC20 gene, whereas
the other group had a segment 98% identical to exon-1, in-
tron-1, and exon-2 followed by sequences showing no similarity
to the intron-2 and lacking both the exon-3 and exon-4 regions
(Fig. 2D). This second group was named the MUC20-like seg-
ment. Southern blot analysis of human genomic DNA revealed
two restriction fragments from EcoRI, HindIII, or BamHI di-
gests when probed with an exon-2 fragment; however, a single
band was detected using an exon-4 probe (Fig. 2E). Searching
the NCBI data base also revealed the existence of a locus
similar to MUC20, completely matching the MUC20-like seg-
ment sequence, located 200 kbp downstream of the MUC20
gene (Fig. 2D). It is not yet clear whether this MUC20-like locus
is transcribed, and searching for tissues or cells that express
this gene is underway in our laboratory. In contrast, Southern
blot analysis of mouse genomic DNAs revealed the presence of
single EcoRI-, EcoRV-, or HindIII-digested fragments using the
exon-2 region of the mouse MUC20 gene as a probe (Fig. 2F).
The genomic structure of the mouse MUC20 gene, located on
mouse chromosome 16, is, however, very similar to that of the
human MUC20 gene, e.g. comprising four exons (data not
shown).
Polymorphism of the Mucin Tandem Domain—As mentioned
above, the repeat numbers of the tandem domain in human
MUC20 showed a divergence, with 3 repeats in the cDNA clone
and 6 repeats in the genomic clone. These findings prompted us
to examine polymorphism of this domain. Sequencing of human
FIG. 5. Localization of MUC20 protein. A, immunoblot analysis of human MUC20 produced in MDCK/tet-MUC20 and HEK293/tet-MUC20
cells, using anti-MUC20 polyclonal antibody. Cells were cultured in the absence of Dox () to induce production of MUC20 or in the presence of
Dox () as a control. PNS, postnuclear supernatant; S, cytosolic 100,000  g supernatant; P, the 100,000  g membrane pellet fraction. B and C,
immunoelectron microscopic analysis of human MUC20-producing MDCK/tet-MUC20 cells by preembedding immunoperoxidase staining. Immu-
noreactivity with the anti-MUC20 polyclonal antibody was localized on the plasma membrane. There was no apparent staining in the cytoplasm
(B). No staining was seen with control rabbit IgG (C). Bar, 250 nm.
FIG. 6. MUC20 mRNA in renal tissues of MRL/MpJ-lpr/lpr mice
with the progression of lupus nephritis. A, levels of BUN, reflect-
ing progression of renal injury in MRL/MpJ-lpr/lpr mice with age (1
month old (n  20), 2–2.5 months old (n  13), 4.5 months old (n  12),
and 7–9 months old (n  15), mean  S.E.). B, MUC20 mRNA in renal
tissue of MRL/MpJ-lpr/lpr mice during the development of renal injury.
Equal amounts of total RNA were prepared from the renal tissues of
the same mice used to measure BUN in A and were mixed together
and used as PCR templates. RT-PCR products representing MUC20
mRNA and GAPDH mRNA are shown in the upper and lower panels,
respectively.
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MUC20 cDNAs and genomic DNAs isolated from other librar-
ies revealed the existence of 2-, 4-, and 5-repeat types of human
MUC20 (Fig. 3A). To further investigate the variation of the
repeat numbers in this domain, the polymorphic regions of
human MUC20 in genomic DNAs from several human cell lines
were amplified by PCR, and the repeat numbers were esti-
mated from the length of the amplified DNA fragments. The
primers could anneal to sequences in the MUC20-like locus as
well as MUC20, resulting in 1–4 bands for each cell line. As
shown in Fig. 3B, the amplified DNA fragments corresponded
to 2-, 3-, 4-, 5-, or 6-repeat lengths. Taken together, these
results indicate polymorphism in the mucin tandem domain of
the human MUC20 gene.
Expression of MUC20 in Human and Mouse Tissues—To
examine the expression of MUC20, poly(A) RNA from various
human tissues was subjected to Northern blot and RT-PCR
analyses (Fig. 4, A and B). MUC20 mRNA (2.5 kb) was
abundantly detected in kidney and moderately in placenta,
lung, prostate, liver, and digestive system (e.g. colon, esopha-
gus, and rectum) using the exon-4 segment of human MUC20
as a probe. No difference in the distribution of MUC20 mRNA
was obtained by using the exon-2 probe, which has 98% identity
to the corresponding region in the MUC20-like segment, sug-
gesting that expression of MUC20-like mRNA may be low or
absent in these tissues (data not shown). Likewise, mouse
MUC20 mRNA (2.5 kb) was highly expressed in kidney (Fig.
4C). Normal human kidney was immunohistochemically
stained using a polyclonal antibody to the N-terminal region of
human MUC20. Antibody to aquaporin-1, a marker for proxi-
mal tubules, was used to identify the types of epithelium in the
serial section. The results indicate that MUC20 protein is lo-
calized in the proximal tubules but not in the glomerulus or
distal tubules (supplemental data). Several cell lines estab-
lished from human kidney, ACHN, TUHR-4-TKB, and A704
cells, were found to express easily detectable levels of MUC20
mRNA (Fig. 4D). One of these cell lines, ACHN, which is known
as a renal tubular epithelial line established from malignant
pleural effusion of a patient with metastatic renal adenocarci-
noma (32), was used to examine transcriptional regulation in
response to various stimuli. As shown in Fig. 4D, stimulation
with phorbol 12-myristate 13-acetate, lipopolysaccharide, or
tumor necrosis factor-, but not transforming growth factor-,
IL-1, IL-6, or IL-8, significantly increased MUC20 mRNA
expression in this cell line.
Localization of MUC20 Protein—To test the subcellular lo-
calization of MUC20 protein, we prepared human MUC20-
producing cells, MDCK/tet-MUC20 cells, and HEK293/tet-
MUC20 cells from MDCK and HEK293 cells. These cells
express C-terminally FLAG-tagged human MUC20 under con-
trol of a tet promoter, and the production of MUC20 protein was
strongly enhanced by reduction of Dox in the culture medium.
The cells were fractionated, and the fractions were subjected to
immunoblotting using the anti-MUC20 polyclonal antibody. In
MDCK/tet-MUC20 cells, two bands of 76 and 78 kDa, which
were not detected under the suppressing condition, were ob-
served in the membrane-rich fraction under the inducing con-
dition (Fig. 5A). The same results were obtained with anti-
FLAG antibody (data not shown). Interestingly, the mobility of
these proteins on SDS-PAGE was slightly different from that of
the proteins from HEK293/tet-MUC20 cells (77 and 79 kDa)
(Fig. 5A). Immunoelectron microscopy with anti-MUC20 anti-
body demonstrated MUC20 immunoreactivity on the plasma
membrane of the MUC20-producing MDCK/tet-MUC20 cells
(Fig. 5B), whereas the cells reacted with control rabbit IgG did
not show such staining (Fig. 5C). MDCK/tet-MUC20 cells cul-
tured in the presence of Dox did not show the staining with
either the anti-MUC20 antibody or control rabbit IgG (data
not shown).
FIG. 7. In situ hybridization analysis of kidney sections from
MRL/MpJ-lpr/lpr mice and normal mice. Kidney sections were
subjected to in situ hybridization with digoxigenin-labeled MUC20
cRNA probe fragment 7-11 (892 bp, C-terminal domain). In A, 5-week-
old MRL/MpJ-lpr/lpr mice, the proximal tubules showed signal for
MUC20 mRNA, whereas the distal tubules (stars) showed no signal. In
B, when mice were 23 weeks old, the signals were significantly in-
creased in the proximal tubules, but not the distal tubules (stars), of
MRL/MpJ-lpr/lpr mice. C, at this age, pathological changes including
glomerular lesion (arrow) and arteritis become prominent, and a cer-
tain population of inflammatory interstitial cells in the vicinity of an
artery (v) also expressed the mRNA (arrowheads). In D, control tissues
of 23-week-old C57Bl(B6) mice showed MUC20 mRNA in the proximal
tubules but not in the distal tubules (stars). In E, the 23-week-old
MRL/MpJ-lpr/lpr mice showed no signal with sense probe. Bar, 100 m.
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FIG. 8. Up-regulation of MUC20 mRNA expression during acute renal failure. In A and B, changes of MUC20 mRNA expression in ICR
mice with acute renal failure caused by cisplatin administration. Results are from one of two independent experiments. Renal damage was
determined by measuring both serum creatinine (CRE) and BUN (n  5, mean  S.E.) (A). Levels of MUC20 mRNA in the renal tissues of mice
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Up-regulation of Mouse MUC20 mRNA in Injured Kid-
neys—To determine whether the expression of MUC20 mRNA
changes during progression of renal injury in an animal model,
the levels of MUC20 mRNA were examined in the MRL/MpJ-
lpr/lpr mouse, which is a well known model for human lupus
nephritis (33, 34). MRL/MpJ-lpr/lpr mice were sacrificed at
various ages, and renal injury was monitored by the increase in
BUN, which is a parameter for evaluation of a renal damage
(Fig. 6A). RT-PCR assays showed that, in parallel with the
increase in BUN, MUC20 mRNA expression increased in the
renal tissues during progression of the injury (Fig. 6B).
To define histologically the types of cells that express
MUC20 mRNA and the change in its expression, in situ hy-
bridization analysis was performed on kidney sections from
MRL/MpJ-lpr/lpr mice using DIG-labeled MUC20 cRNA
probes. As a positive control, we also carried out the in situ
hybridization using a cRNA probe for the TSC-22 mRNA,
which has been shown to localize in the proximal tubules (35)
(data not shown). Two cRNA probes, fragment 5-1 (747 bp) and
fragment 7-11 (892 bp), gave the same pattern of MUC20
mRNA localization. Here we show the results with fragment
7-11. In 5-week-old MRL/MpJ-lpr/lpr mice with no apparent
renal damage, MUC20 mRNA was detected in the cytoplasm of
epithelial cells constituting the proximal tubules but not in
those of the distal tubules (Fig. 7A), and approximately the
same was observed in 23-week-old C57Bl(B6) control mice (Fig.
7D). In contrast, in 23-week-old MRL/MpJ-lpr/lpr mice show-
ing prominent lesions in the glomerulus, signals in the cells of
proximal tubules were significantly augmented (Fig. 7B). Like-
wise, we observed progressive increases in MUC20 mRNA ex-
pression in MRL/MpJ-lpr/lpr mice from 9 to 60 weeks old (data
not shown). In older MRL/MpJ-lpr/lpr mice with arteritis, a
certain population of inflammatory cells showed significant
signal with the MUC20 cRNA probes (Fig. 7C). The renal
section from 23-week-old MRL/MpJ-lpr/lpr mice did not show
labeling with a probe complementary to antisense RNA
(Fig. 7E).
To further clarify the expression of MUC20 mRNA in renal
disease, we used murine models in which acute renal failure is
induced by administration of cisplatin, widely used as an an-
titumor drug, or by UUO. The amounts of MUC20 mRNA were
examined by quantitative RT-PCR at multiple time points fol-
lowing treatment. In the cisplatin model, renal damage in each
mouse was determined by measuring both serum creatinine
and BUN. Both serum parameters increased until day 4 after
treatment, and then returned to baseline within 7 days, as
reported previously (36) (Fig. 8A). In this model, a parallel
5-fold increase in MUC20 expression was observed during
renal damage progression (Fig. 8B). To determine whether
different variants of the transcripts are generated during acute
renal failure, we further analyzed the MUC20 mRNA by 5-
RACE PCR using kidney RNA from day-0, day-4, and day-7
mice. The results, shown in Fig. 8C, revealed a single species of
MUC20 mRNA, equivalent to hMUC20-L, in the day-0 mice,
and no other variants were detected during the progression of
cisplatin-induced renal failure. In the UUO model mice, renal
injury and fibrosis were estimated by the changes in collagen
type I mRNA levels and hydroxyproline content in the kidney.
Marked increases in both hydroxyproline content and type I
collagen mRNA levels were observed at day 7 and day 14
following UUO (Fig. 8D), and the level of MUC20 mRNA in-
creased in parallel (Fig. 8E).
DISCUSSION
We report here the molecular cloning, gene structure, ex-
pression, and cellular localization analyses of MUC20, a novel
mucin protein, which is up-regulated in renal tissues during
renal injury. To date, mucin gene clusters have been found on
human chromosomes 11p15.5 and 7q22. In this report, human
chromosome 3q29 was shown to contain another cluster of
mucin genes, MUC4, MUC20, and the MUC20-like segment. Ad-
ditionally, at least two variants (hMUC20-L and hMUC20-S) are
produced from the human MUC20 gene by alternative transcrip-
tion, although only one of the corresponding variants has been so
far identified in mouse tissues.
Immunoblotting analysis of human MUC20 produced in
MDCK/tet-MUC20 cells showed MUC20 in the membrane frac-
tion. Immunoelectron microscopic analysis of human MUC20
protein produced in MDCK/tet-MUC20 cells demonstrated that
the immunoreactive site of anti-MUC20 antibody to N-terminal
peptide was on the plasma membrane. Thus, human MUC20
protein is a membrane protein localized on the plasma mem-
brane. We found slightly different molecular masses for
MUC20 protein in MDCK/tet-MUC20 and HEK293/tet-MUC20
cells (7679 kDa). Since the predicted molecular mass of
human MUC20 (503 amino acids) is 55 kDa, the difference of
the molecular mass might be due to posttranslational modifi-
cations (e.g. O-glycosylation on Ser/Thr residues). The addi-
tional peptide at the N terminus of hMUC20-L is likely a signal
peptide. Since the S-form, which has no signal peptide at the
N-terminal region, is localized on the plasma membrane, the
L-form might be a secreted type; this hypothesis will be exam-
ined by subcellular localization analysis in the near future.
Northern blot and RT-PCR analyses demonstrated that the
mRNAs of human and mouse MUC20 are predominantly ex-
pressed in the kidney. Immunohistochemical analysis of nor-
mal human kidney and in situ hybridization analysis of renal
sections from MRL/MpJ-lpr/lpr and normal mice revealed that
MUC20 is produced in the epithelium of proximal tubules but
not in that of distal tubules. The intensity of the signals pro-
gressively increased during the development of glomerulone-
phritis in MRL/MpJ-lpr/lpr mice. Although the other organs
were well fixed by cardiac perfusion, kidneys of 23- and 60-
week-old MRL/MpJ-lpr/lpr mice resisted fixation. This diffi-
culty of the fixation by perfusion suggests that there were
glomerular lesions in these kidneys. This analysis also showed
MUC20 expression in a certain population of interstitial in-
flammatory cells in the sites of arteritis, which is a pathological
characteristic of MRL/MpJ-lpr/lpr mice (37). Interstitial in-
flammatory cell infiltrate usually consists of plasma cells, lym-
phocytes, and polymorphonuclear leukocytes, but it remains to
be investigated which cell type or types express MUC20 mRNA
and what role MUC20 plays in these cells. Taken together,
these results suggest that the expression of MUC20 mRNA in
at each stage were determined by quantitative RT-PCR. No significant differences were observed in GAPDH mRNA expression among these
samples (data not shown); therefore, the results are represented as an average of the ratio of MUC20 mRNA levels to GAPDH mRNA levels,
mean  S.E. (B). C, RACE PCR analysis of the 5-terminus of MUC20 mRNA in the ICR mice with acute renal failure caused by cisplatin
administration. These experiments used total RNA and the primer sets depicted in Fig. 2B. The primer sets used in each reaction are indicated
above the lanes. UPM, Universal Primer MixTM (Clontech). D and E, augmentation of MUC20 mRNA expression in C57Bl(B6) mice after UUO.
Results are from one of two independent experiments. Hydroxyproline content in the kidney was measured on day 7 and day 14 after UUO and
on day 7 after sham operation (D). Levels of type I collagen, MUC20, and GAPDH mRNAs were determined for each time point by quantitative
RT-PCR. Since no significant changes of the GAPDH mRNA expression were observed during the development of acute renal failure (data not
shown), the levels of type I collagen mRNA (D) and MUC20 mRNA (E) are represented as an average of the ratio to GAPDH mRNA levels, mean 
S.E. (n  6). A two-tailed Student’s t test was used for statistical analysis. *, p  0.05; **, p  0.01; ***, p  0.001.
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renal tissues, especially the epithelial cells of the proximal
tubules, was enhanced with the progression of lupus nephritis.
Progressive increases in MUC20 expression in these models
suggest that MUC20 might play an important role in
glomerulonephritis.
In normal human kidney, MUC1 mRNA localizes to the
distal convoluted tubules, Henle’s loops, and collecting ducts,
whereas the expression of MUC3 and KIM-1 mRNAs is re-
stricted to the proximal tubules (3, 4). Expression of MUC3 and
KIM-1 mRNAs is up-regulated in renal cell carcinoma patients
and postischemic rat kidney, respectively (3, 4). MUC1 expres-
sion levels have been inversely correlated with postsurgical
survival of patients with renal cell carcinoma (38). Recently, we
have found that human MUC20 mRNA was up-regulated in
renal tissues of patients with moderate IgAN as compared with
the mild stage IgAN or normal tissues, although these in-
creases were not observed in IgAN renal tissues of patients
with severe damage (24). The decreased expression of MUC20
mRNA in the severely injured tissues as compared with those
of the moderate stage might be due to significant damage in the
epithelial cells of proximal tubules because it has been reported
that the epithelial cells of proximal and distal tubules are
remarkably impaired in the heavily damaged renal tissues of
IgAN patients (39).
In this work, we also demonstrated divergence in repeat
numbers of the mucin tandem domain (2–6 repeats) in human
MUC20 by the analysis of the several MUC20 clones (cDNAs
and genomic DNAs) from different human libraries. Most of the
mucin genes had an extensive tandem repeat domain, but this
domain showed allelic differences in length. The variation of
the repeat numbers will affect not only the amount of glycosy-
lation but also probably other physicochemical properties. Both
effects may have functional consequences and lead to differ-
ences in disease susceptibility. It has been reported that indi-
viduals with small numbers of tandem repeats in MUC1 have
an increased risk of gastric carcinoma (40). Associations be-
tween allelic variants of MUC2 (41) and MUC7 (42) and atopy
with or without asthma have also been reported. Together with
these previous reports, our finding that MUC20 expression is
increased in IgAN patients and animal models of renal injury
suggests that the repeat numbers of the MUC20 mucin domain
might be implicated in the pathogenesis of renal diseases.
Epithelial mucins are thought to function in cell protection,
adhesion modulation, and signaling. A recent report has shown
that cell adhesion of Pseudomonas aeruginosa, a Gram-nega-
tive bacterium, was enhanced by the presence of MUC1 on the
cell surface (43). MUC7 has been shown to interact with a
variety of bacteria including four strains of Streptococci (44),
Actinobacillus actinomycetemcomitans (45), Staphylococcus au-
reus, and P. aeruginosa (46), and it may have a role in facili-
tating the clearance of oral bacteria. Moreover, two sulfate
mucin-type glycoproteins on lymph node endothelium were
found to bind lymphocyte L-selectin (47, 48), whereas sialylated
and fucosylated mucin-types were shown to bind P-selectin (49,
50). In addition, the mucin region of mucosal addressing cell
adhesion molecule-1 (MAdCAM-1) can bind L-selectin (51).
Therefore, we suggest that the extracellular mucin portion of
MUC20 might interact with bacteria or with distinct cellular
ligands, such as selectins, and play a pivotal role in protective
functions or cell adhesion. At present, our laboratory is inves-
tigating which molecules recognize the extracellular portion of
MUC20. Several mucins are known to have cell signaling roles;
such a role is particularly well documented for MUC1. Recent
studies have demonstrated that tyrosine phosphorylation of
the MUC1 cytoplasmic domain correlates with changes in cell-
cell adhesion (52). Ligand-activated epidermal growth factor
receptor interacts with MUC1 and enhances the phosphoryla-
tion of its cytoplasmic domain, leading to recruitment of sig-
naling molecules, such as Grb2, son of sevenless, c-Src, and
-catenin, to MUC1 (53). This also induces activation of extra-
cellular signal-regulated kinases 1/2 (ERK1/2), suggesting that
MUC1 regulates cell growth and differentiation through the
Grb2/SOS/Ras/ERK signaling cascade (54–56). Moreover, it
appears that the cytoplasmic domain of MUC1 associates with
cell adhesion molecules - and -catenins (57), and the serine
phosphorylation of the cytoplasmic domain by glycogen syn-
thase kinase 3 decreases binding of MUC1 to -catenin (58).
These findings suggest that cell signaling is a plausible role for
MUC20. It is also suggestive that the amino acid sequences of
human and mouse MUC20 showed 48% identity in the C-
terminal domain, with especially strong homology (62%) in the
C-terminal 50 amino acids but less similarity in the other
portions. This high conservation across mammalian species
suggests that this region might play a crucial role in MUC20
function. Functional analyses of the cytoplasmic tail of MUC20
are underway in our laboratory.
In summary, we have identified the complete cDNA se-
quence for a novel mucin membrane protein, MUC20, which is
expressed in human and mice proximal tubules and markedly
up-regulated during renal injury. Further characterization of
MUC20 and related molecules will elucidate the role of MUC20
protein in the development and progression of several renal
diseases.
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